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論 文 内 容 要 旨         
This research is hoped to introduce a new anaerobic digestion reactor. An innovative 
self-agitation reactor which no needs the mechanical mixer or other recirculating equipment for 
mixing has been studied. Sometimes without any good reason, this research is also hoped to 
contribute to the consolidation of knowledge in the food waste treatment fields, so that learning 
can be accessed more easily and applications can be harmonized. To provide a visualization of the 
hydraulic characteristics, the CFD software, Fluent®, was used to create numerical simulations 
and to visualize the water flow status in the self-agitation reactors. The self-agitation reactor was 
analyzed in a laboratory test as well before the construction of a production plant. In the 
fermenting test, the basically degradability of a substrate, the graph of the degradation, and the 
biogas yield were determined. 
Computational fluid dynamics (CFD) models were used to investigate the hydraulic 
characteristics in the reactors. Every cycle of the self-agitation process could be separated into 3 
stages or processes. (1) The first stage is the pressure energy storage process. (2) The second stage 
is the exergonic process. (3) The third stage is the buffer stage. Because the flow direction changes 
and turbulence is produced in one or two seconds, the liquid level in the last three chambers 
fluctuates. Half of the gas produced is stored in the chamber 1 and is suddenly released to the 
outlet, resulting in a cyclic fluctuation in the outlet flow rate of gas. Only when the liquid level 
increases and reaches the liquid outlet does the flow of effluent liquid become discontinuous. In 
every cycle, the combination of liquid and inlet substrate near the inlet is agitated into the 
chamber 1 and the chamber 2.  
1) During the energy storage process, the inlet substrate does not mix with other compounds. 
The degradation of the inlet substrate was regarded as a plug flow reactor process for a short 
period of time. In the exergonic and buffer, the lift force of the gas flowing from the chamber 1 to 
the chamber 2 through the U-tube causes a large mixing effect at the tops of the middle chambers. 
Self-agitation allowed for the liquid in the chambers 1 to 3 to be mixed with the inlet substrate 
after 2 self-agitation cycles. The substrate at the inlet diffuses throughout the entire chamber 1, 
and the compound at the bottom of the chamber 3 diffuses to the chamber 2. The chambers 1 to 3 
of the self-agitated reactor are most likely CSTR since the gas storage and release cause a change 
in the liquid level. The diffusion in the chamber 4 is much weaker than that in the other chambers, 
and the flow characteristics in the chamber 4 likes plug flow. 
 
The agitation is stronger when the U-tube is longer. As the chamber 1 can store more energy, 
more energy is able to transfer to kinetic energy in a self-agitation process cycle. On the other hand, 
a higher gas pressure is produced in the closed space, which is the motive force for liquid flow. The 
maximum velocity of fluid increases with the length of the U-tube. Although the circulation in the 
chamber 1 is not more vigorous than in other chambers, the diffusion intensity of inlet substrate is 
sufficient to spread the inlet substrate throughout the chamber 1 and chamber 2 from the bottom 
Part 1: CFD Simulation for 
hydraulic characteristics 
at the beginning. With the longer U-tube, more water is injected, resulting in an increase in the 
amount of water transferred from the chamber 1 to the chamber 2 and an increase in the 
longitudinal mixing. Thus, the degradation of substrate in the reactor resembles three CSTRs 
where the first CSTR is twice that of the other two. 
2) The self-agitation is affected by variations of viscosity properties. Design and operation of the 
reactor were discussed for optimisation in the anaerobic digestion process. The viscosity of the 
substrate has great effect on the diffusion in every self-agitation or the mixing between substrate 
at different location. The diffusion of substrate and the tracer become low after every self-agitation 
as the viscosity increase from 5 to 100 mPa·s. As the viscosity increases, the substrate is difficult to 
be agitated. When the viscosity is 5 mPa·s, it needs at least 5 times self-agitation process for the 
substrate diffusing to the whole reactor. The reactor still could be recognized as one CSTR. 
However, for the SA-ABR with liquid viscosity 10 mPa·s, the flow pattern of reactor mixing is more 
like combining of two CSTR. There is much exchange of liquid between the two CSTRs. After the 
viscosity is higher than 25 mPa·s, the substrate and tracer couldn’t be mixed in whole of the 
reactor. And the SA-SBR is recognized as many CSTRs which there is few exchange of liquid 
between them. 
 
3) A 40 L self-agitation anaerobic baffle reactor of food waste fermentation was operated for 190 
days to evaluate process stability. Many indexes were detected and analysis, e.g., alkalinity, biogas 
components, solid contents, organic material (COD, carbohydrate, protein and liquid), VFAs and 
alcohols, which were used to estimate the performance of reactor, waste reduction rate, organic 
Part 2: CFD with 
different viscosity 
degradation and biogas production. 
 
The average biogas production rates at the steady state were 0.83 ± 0.07 L/L/d at HRT 100 d, 
1.33 ± 0.24 L/L/d at HRT 60 d and 2.43 ± 0.18 L/L/d at HRT 30 d. The biogas production yield of 
substrate gradually decreased due to the shorten retention time, from 83.1±7.97 to 73.2±5.59 
L-Gas/L-Sub. According to CFD simulation result, the self-agitation frequency or number relates to 
the gas production rate and the volume for storage gas in the chamber 1. Active methane 
production in Chamber 1 is the key to increasing the frequency of self-agitation since the gas 
production rate in chamber 1 significantly decreased when acidification occurs in the chamber. As 
long as the desirable conditions of Chamber 1 for methanogenesis are maintained, the frequency of 
self-agitation will increase in proportion to the COD volumetric loading rate.  
The degradation rates of organic solid in the reactor were gradually increased with the retention 
time of substrate. The T-COD reduction rates were 87.8 % at retention time 100 days, 89.5 % at 
retention time 60 days, 84.0 % at retention time 30 days on average, which were very stable. The 
stable tendency was given expression to by the degradation of carbohydrate, protein and liquid, 
which effluent concentrations were almost the same within retention time from 100 to 30 days. 
According to these results, these indicate that the reactor can be kept stable at the desirable 
condition levels over the entire steady state operation periods. This leads us to conclude that our 
self-agitated reactor allows the successful continuous operation of treating food waste with not less 
than 10 kg/m3/d COD volumetric loading rate. 
The amount of methane produced corresponded to 85.8%, the amount of suspended solids COD 
Part 3: Food waste 
treatment and biogas 
corresponded to 13.2% and the amount of soluble COD correspond to 1.0% of the entire effluent 
COD, respectively. These results indicate that almost all the COD in the influent was stably 
recovered in the effluent without any significant accumulation of organic matter.  
Shortening the retention time led to an increase in the VFA and alcohols concentration in the 
reactor, from 194 ± 274 to 491 ± 255 mg/L. However, it had a limited effect on the VFA 
concentration in the effluent. The pH-value is held within the neutral range by natural procedures 
in the fermenter, between 7.3 and 7.6. Two buffering systems ensure this. Average pH values at 
steady state of the reactor were at which were within the preferable range for anaerobic digestion. 
A too strong acidification is avoided by the carbon dioxide/hydrogen carbonate/carbonate buffer 
system. 
 
The SA-ABR is innovative due to the periodic process of liquid and the gas through the U-tube. 
The most important feature of the reactor design is to maintain self-agitation ability. The 
self-agitation frequency or number relates to the gas production rate and the volume for storage 
gas in the chamber 1. 
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論文審査結果の要旨 
 
近年，バイオマス資源有効利用の方法としてメタン発酵によるバイオガス生産が注目され，その普及促進とシス
テムの効率化が求められている。廃棄物系バイオマスのメタン発酵施設は，世界的にはアジア地域に集中しており，
1,000 万基を超える家庭用小規模発酵施設が中国とインドに分布している。これらの施設は，簡素な低コスト型発
酵槽が利用され，一般的には無加温，無撹拌の押し出し流れ型の方式であるため，効率が低く，十分な処理が達成
できない問題がある。これまでに低コスト型メタン発酵槽の改良・高度化に焦点を当てた研究がほとんどない。そ
こで，本研究は，機械的撹拌を利用せず仕切り板と U 字管とを利用した流体力学な原理によって，従来の低コスト
型発酵槽には不備であった撹拌機能を付与した新規な低コスト型メタン発酵リアクターの開発に取り組んだ。本論
文は６章からなる。 
 
第1章「序論」では，本研究の背景，研究の目的，意義についてまとめ，本論文の構成について述べた。 
第 2 章「既往の研究現状および研究課題」では，まずメタン発酵の原料とメタン発酵の基本的原理に関する従来
の知見をまとめた。次に，メタン発酵技術の応用状況を調査し，特に小規模メタン発酵槽の問題点と最近の研究動
向を総説した。また，CFDシミュレーションを用いた発酵槽解析の既往知見をレビューした。その上で小規模無動力
メタン発酵槽の開発方法について考察し，本研究の位置づけを定め，対象課題を抽出した。 
第3章「無動力撹拌型メタン発酵槽SA-ABRのCFDシミュレーションと水理学的特性の解析」では，設計した無動
力撹拌リアクターの撹拌状況を把握することを目的として，ラボスケールの実験装置について CFD シミュレーショ
ンを行った。新たに開発したリアクターは U 字管を通したガス移動によって発酵液が撹拌されることを確認し，無
動力撹拌型メタン発酵槽SA-ABRの最適構造と水理学的特性をはじめて明らかにした。 
第 4 章「異なる基質と発酵液粘度による無動力撹拌型発酵槽への影響に関する CFD シミュレーション」では，異
なる原料と基質濃度から生成する発酵液の粘度に基づき，粘度を 1 mPa.sから 5, 10, 25, 100 mPa.sまで変化さ
せて CFDシミュレーションを用いた解析により，粘度の影響を定量的に把握した。その結果，基質濃度100g/L以下，
発酵液粘度100 mPa.s以下の条件では，無動力撹拌型発酵槽は十分に撹拌されることを把握した。 
第5章「無動力撹拌型メタン発酵槽SA-ABRによる食品廃棄物の処理実験」では，有効容積 40Lの SA-ABRを用い
て，投入基質濃度 100g/L, 中温 35℃の条件で水理学的滞留時間 HRTを 100日，60日，30日と変化させてメタン発
酵の連続実験を行い，有機物の分解率，バイオガス生成量および発酵槽内の撹拌状況を総合的に検証した結果，新
規開発した無動力撹拌型メタン発酵槽SA-ABRは優れた処理性能を有することを把握し，その有用性を実物の発酵処
理で証明した。 
第6章「総括および結論」では，本研究で得られた研究成果について総括している。 
 
以上ようするに，本研究は，新規無動力撹拌メタン発酵槽を開発するために，CFDシミュレーションと実際の発酵
実験を行い，発酵槽構造の最適化，基質や粘度影響の把握，発酵性能実験などの総合検討により無動力撹拌型メタ
ン発酵槽SA-ABRの優れた処理性能を明らかにした。本論文の成果は有機性廃棄物の処理およびバイオエネルギーの
生産に貢献し，環境科学の発展に寄与するものであると評価できる。 
 
よって，本論文は博士(環境科学)の学位論文として合格と認める。 
 
 
